Flouroarsenide CaFeAsF is a parent compound of the 1111 type of iron-based superconductors. It is similar to the parent LaFeAsO, but it is oxygen-free. To date, studies of pressure-induced effects have only focused on pure and doped polycrystalline CaFeAsF samples. Here, we carried out high-pressure electrical resistivity and Hall coefficient measurements up to 48.2 GPa on single crystals of CaFeAsF. The structural transition temperature T str decreased monotonically upon increasing the pressure, and reached ∼60 K at 9.6 GPa. Superconductivity emerged suddenly at 8.6 GPa with the T c,onset ∼ 25.7 K, which decreased monotonically with increasing pressure to 5.7 K under 48.2 GPa. Moreover, just after the appearance of superconductivity, the Hall coefficient at 40 K started to decrease with increasing pressure, while keeping its sign negative persisting up to 48.2 GPa.
I. INTRODUCTION
Until now, high-temperature superconductivity (HTSC) has been achieved in two families: the copper-based oxides (cuprates) and iron-based superconducting materials (FeSCs). Superconductivity (SC) emerges in cuprates and FeSCs through the suppression of the antiferromagnetic (AFM) ordering in their parent materials, which are in a Mott insulating state and a metallic spin-density-wave state, respectively [1, 2] . Compared with cuprates, superconductivity in FeSCs can be induced not only by chemical dopants but also by external pressure [3] [4] [5] . High-pressure experiments are a powerful tool to investigate the phase diagrams of FeSCs and the mechanism of HTSC.
Pressure as one of the fundamental state parameters can be used to tune the lattice constants and electronic structure efficiently, which thus alter the structural and magnetic ordering. Many high-pressure investigations have been performed on FeSCs, particularly on the 122-type compounds AEFe 2 As 2 (AE = Ca, Sr, and Ba) [6] [7] [8] [9] [10] [11] [12] [13] [14] . Recently, it was found that uniaxial stress seems to strongly suppress the structural phase transition from tetragonal (T ) to orthorhombic (O), reduce AFM ordering, and favor the appearance of SC in the T phase in the 122 compounds [7] [8] [9] [10] [11] . This clearly indicates that the difference in the hydrostaticity caused by using different pressure media in different pressure cells leads to scattered and confusing results in these early studies. Although the mechanism behind the extreme sensitivity of their properties to uniaxial stress and the origin of filamentary superconductivity are still unclear [7, 10] , the most intriguing feature of the phase diagram of 122 compounds is that bulk SC competes with the AFM phase [8, 9] , which is different to that of chemical substitution showing a coexistence of AFM and SC phases * hong.xiao@hpstar.ac.cn [3] . The observed overlap of the SC and AFM phase in the lower-pressure range can be attributed to the coexistence of the O phase and a small amount of the T phase, induced by the inhomogeneity of pressure [8] . For the 1111 family, polycrystalline samples of LaFeAsO and CaFeAsF parents also show SC under pressure as reported in a few works [12] [13] [14] . The superconducting transition temperature T c of LaFeAsO shows a dome-shaped pressure dependency [12] . In contrast, the T c of CaFeAsF monotonically decreases upon an increase in pressure after the appearance of SC [13, 14] . However, since 1111 polycrystalline samples are inhomogeneous in general, and the anomalies in their electrical resistivity curves associated with phase transitions become broad and difficult to distinguish with accuracy at high pressure, the actual phase diagram of the 1111 systems under pressure is presently under debate. More reliable results can be obtained in 1111 single crystals. A recent high-pressure experiment on single-crystal LaFeAsO grown using a NaAs flux shows no bulk superconductivity up to 37 GPa [15, 16] , which strongly contradicts polycrystalline sample measurements, which show SC under pressure in a wide dome with a maximum T c of ∼22 K under 12 GPa [12] . This discrepancy may be induced by the difference in the samples grown in their respective synthesis conditions.
Recently, high-quality and reliable single crystals of the undoped parent CaFeAsF were achieved [17, 18] . CaFeAsF is another oxygen-free 1111-type parent compound of FeSC, and exhibits high T c SC induced by 3d transition metals [19, 20] and rare-earth elements doping [21] , and also applied pressure [13, 14] . Furthermore, it is interesting to note that CaFeAsF undergoes a pressure-induced structural phase transition from an orthorhombic (O) to lower symmetry monoclinic (M) structure at low temperature [22] , unlike the transition to a highsymmetry phase (O-T ) in both the 122 systems [23, 24] and LaFeAsO [25] under high pressure. Thus, the high-pressure studies on CaFeAsF would provide an important and deeper insight into the correlation between structural modifications and SC under pressure in FeSCs.
In this paper, we report the results of high-pressure electrical resistivity measurements on single crystals of CaFeAsF under pressure up to 48.2 GPa. Compared to polycrystalline samples, our single crystals showed distinct resistive anomalies at the T -O transition temperature T str even to high pressures, providing an opportunity to precisely characterize T str as a function of pressure. The suppression of T str in CaFeAsF is more robust against pressure than the 122 compounds under similar pressure conditions. Pressure-induced SC first emerges at around 8.6 GPa with a T c,onset ∼ 25.7 K, which decreases monotonically with increasing pressure up to 48.2 GPa. We argue that the SC of CaFeAsF under pressure could be ascribed to the occurrence of an M phase structure.
II. EXPERIMENTAL DETAILS
High-quality single-crystal samples of CaFeAsF were grown using a self-flux method with CaAs as the flux material [17] . Pressure was applied at room temperature using a Be-Cu diamond anvil cell (DAC). Two different pairs of diamond anvils with a culet size of 300 or 500 μm were used in two separate runs to ensure reproducibility. Daphne oil 7373 was used as a pressure-transmitting medium. The BeCu gasket was preindented to 10 GPa in a DAC, and then a hole of 270 μm (for a 300-μm culet) or 460 μm (for a 500-μm culet) in diameter was drilled in the center of the preindented area. The cubic boron nitride (cBN) powders were added inside the indent, which were then pressed to 15 GPa (for a 500-μm culet) or 25 GPa (for a 300-μm culet) again, reliably insulating the sample and electrodes against the BeCu metallic gasket. Finally a hole of 200 μm (for a 500-μm culet) or 140 μm (for a 300-μm culet) in diameter was drilled in the center of the cBN gasket again. Four hand-cut platinum (Pt) thin wires were attached to the samples with sliver epoxy. A CaFeAsF single crystal was cut into dimensions of about 100 × 100 × 20 or 75 × 75 × 20 μm for 500-and 300-μm culets, respectively. The pressure was determined using the ruby fluorescence shift at room temperature. The van der Pauw method was used to complete high-pressure electrical resistivity and Hall coefficient measurements on the CaFeAsF crystals, with the electrical current along the ab plane and the magnetic field along the c axis. The Hall coefficient was measured by sweeping the magnetic field from −9 to 9 T at 40 K. Figure 1 shows the temperature-dependent electrical resistivity ρ(T ) of a CaFeAsF single crystal under pressures up to 48.2 GPa, obtained with a culet size of 300 μm in run 1. At ambient pressure, the ρ(T ) of CaFeAsF shows a remarkable drop at ∼118 K during cooling [18] , which is much sharper than the polycrystalline samples. This anomaly in the resistivity corresponds to the T -O structural transition, in reasonable agreement with the previously reported powder synchrotron x-ray measurements of a T str ∼ 120 K [26, 27] . With increasing pressure, the anomaly at T str shifts downwards to lower temperature and remains clearly visible up to 9.6 GPa. So, T str is defined by the intersection of two extrapolated lines drawn through the resistivity curve below and above the anomaly, as shown in the inset of Fig. 1(b) . T str , as marked by the arrows in Figs. 1(a) and 1(b) , decreases with a slope of dT str /dP = −6.25 K/GPa and seems to disappear above 9.6 GPa. Under similar pressure conditions, the collapse of T -O transition of BaFe 2 As 2 occurs around 3-4 GPa, using DAC and Daphne oil 7373 or 7474 as pressure transmitting medium [7, 8] . It seems that the suppression of the CaFeAsF T -O transition is more robust against pressure than the 122 compounds. Meanwhile, at 8.6 and 9.6 GPa, we observe a sizeable reduction of resistivity below ∼25.7 K that is strongly suppressed by applying magnetic fields, suggesting a SC transition. Upon further pressure increase, this resistivity drop becomes larger and steeper, and finally zero resistivity was detected above 19.4 GPa, where a pressure-induced SC was indeed further confirmed. An expanded view of the ρ(T ) above 8.6 GPa at low temperatures is shown in Figs. 2(a) and 2(b). Here we define the onset temperature of the superconducting transition, T c,onset , by the deviation from the linearity of normal-state resistivity ρ(T ) above the T c , as indicated by arrows in Figs. 1, 2(a), and 2(b) . The T c,onset decreases monotonically against pressure, although SC persists up to the highest studied pressure of 48.2 GPa. Above 27.7 GPa, the SC transition tends to broaden again without the zero-resistivity state. The absence of zero resistivity at lower pressure may be due to the small superconducting fraction of the sample below the percolation limit, as we discuss below. The disappearance of zero resistivity under high pressure above 27.7 GPa could be related to the presence of microcracks due to the serious nonhydrostatic conditions [28] . Interestingly, the ρ(T ) shows an upturn behavior before the T str or T c,onset , which becomes less distinct upon increasing pressure and finally disappears above 27.7 GPa. A similar phenomenon as a function of the doping level is also observed in the Co-and Ni-doped CaFeAsF compounds [20, 29] . The origin of this upturn behavior in the resistivity trace is still unclear [30] . But our high-pressure results can rule out the simple scenario of the scattering center increase induced by the replacement of Fe with Co or Ni in FeAs superconducting layers [13] .
III. RESULTS AND DISCUSSION
We repeated the high-pressure ρ(T ) measurement on another CaFeAsF single crystal with a culet size of 500 μm (run 2). Similar superconducting behavior with almost identical T c was observed under pressures up to 21.6 GPa. The ρ(T ) curves for the magnetic field up to 9 T at 21.6 GPa (run 2) are shown in Fig. 2(c) . There is a monotonic suppression of the superconducting transition, with modest broadening in the fields. Figure 2 those at ambient pressure. A nonlinearity develops for ρ xy (H ) and the slope changes sign from negative to positive with the increase of magnetic field. Upon increasing pressure to above 8.6 GPa, all ρ xy (H ) curves exhibit a negative slope in the whole investigated magnetic-field range, but nonlinearity also appears. Figure 3(c) shows the pressure dependence of the Hall coefficient, defined as the field derivative of ρ xy (H ), R H ≡ dρ xy (H )/dH , in a zero-field limit. The sign of R H is clearly negative in the whole pressure range, suggesting electrons are the dominant charge carriers. Notably at ambient pressure, the R H in our CaFeAsF single crystal is measured and shown to be negative below T str , which confirms that the negative R H is an intrinsic property of CaFeAsF and resolves the discrepancy in the sign of R H below the T str in CaFeAsF polycrystalline samples where both negative and positive R H were previously reported [21, 29] . It is also the same as the other oxygen-derivative 1111 and 122 parents, showing the electron characteristics of its dominative carriers. As shown in Fig. 3(c) , the amplitude of R H increases initially with pressure, but once the pressure is increased above a critical value P 1 = 8.6 GPa where SC starts to appear it starts to decrease, producing a peak-shaped dependence of R H with pressure. Such a significant change in the pressure dependence of R H reflects a pronounced change in the band structure of CaFeAsF under pressure, which might be explained by the appearance of the O-M structural transition as we discuss below. The emergence of superconductivity and the change of the R H -pressure dependence at the same pressure indicate a close connection between them. In addition, in the SC phase, both the R H and T c decrease against pressure, showing similar pressure dependence behavior.
In Fig. 4 we have constructed a phase diagram for CaFeAsF under pressures. It is shown that T str decreases linearly with increasing pressures, reaching ∼60 K at 9.6 GPa. Pressureinduced SC starts to appear under P 1 ∼ 8.6 GPa at 25.7 K, and the T c,onset decreases monotonically with increasing pressure. As shown in the inset of Fig. 4 , the pressure dependence of the T c,onset also exhibits a kink around a critical pressure of P 2 ∼ 23.0 GPa. The T c,onset varies linearly on either side of P 2 , but with different slopes. Note that this pressure P 2 is near the position where the upturn behavior in resistivity disappears before the T c,onset . Okada et al. used two different cells and pressure transmitting media, a cubic anvil cell with Daphne 7474 liquid and a DAC with NaCl powder, respectively [13] . They found the T c,onset of 29 K appears under similar pressures of 4-5 GPa, which is consistent with that obtained in a DAC with steatite by Freitas et al. [14] . The observed P 1 and T c,onset in our paper are slightly higher and lower than those obtained in polycrystalline samples by Okada et al. [13] and Freitas et al. [14] , respectively.
On the other hand, we note that the resistivity drop becomes larger upon increasing pressure from 8.6 to 15.6 GPa. The pressure interval is too large to be explained simply by the sample pressure gradients within the Daphne 7373 liquid inside the DAC. And, it should be mentioned that this feature is accompanied by the decrease of the onset T c during this pressure regime. One of the most possible explanations for these above features is that two phases coexist and the percentage of SC phases in the crystals continuously increases with pressure. Mishra et al. reported that CaFeAsF undergoes an O-M phase transition at 13.7 GPa, and this new M phase remains stable up to 40 GPa at 40 K [22] . Consequently, we speculate that the M phase is superconducting in CaFeAsF. The inconsistency between the O-M transition pressure point reported by Mishra et al. and P 1 for SC appearance, as well as the change of the transition to structural phase mixtures obtained in our case, may be due to the different thermodynamic history (pressure and temperature). In our case, high-pressure R(T ) measurements were performed upon cooling from room temperature at fixed values of pressures, with a liquid pressure transmitting medium Daphne oil 7373, which solidifies above 2.2 GPa at room temperature. Mishra et al. used helium as a pressure medium to provide the best hydrostatic conditions; the sample was first cooled from 300 to 100 K below 2 GPa, cooled to 40 K below 5.8 GPa, and then pressurized to 40 GPa at a fixed temperature of 40 K. The difference in the compression conditions of the samples may cause different phase-transition behaviors, which has already been observed in the 122 systems under pressure [23] . Moreover, the less hydrostatic pressure gradient in our case might considerably suppress the O-M phase transition pressure lower than 13.7 GPa and also cause the coexistence of these two phases at low temperature in CaFeAsF. Further, the SC of CaFeAsF is quite robust under high pressure up to 48.2 GPa. In contrast, in the 122 systems, SC occurs in a much narrower pressure range in the T phase. In this experiment, unfortunately, the exact pressure range for the coexistence of O and M phases is difficult to identify.
IV. CONCLUSIONS
We measured the electrical resistivity and Hall coefficient of single-crystalline samples of CaFeAsF under applied pressure up to 48.2 GPa to determine the phase diagram. We found that the T -O structural transition temperature is suppressed upon increasing pressure. Superconductivity starts to appear around 8.6 GPa, and the T c,onset decreases monotonically with increasing pressure, reaching 5.7 K at 48.2 GPa. Moreover, electronlike charge carriers are dominant during the whole pressure range. After the appearance of the SC phase, the Hall coefficient at 40 K decreases against pressure, indicating an enhancement in the charge carriers. By comparing our results with previous x-ray-diffraction measurements under pressure [22] , we argued that SC can coexist with the low-temperature monoclinic phase. The overlap of the T -O transition and SC phase might be caused by the nonhydrostaticity of the pressure or uniaxial stress.
